
SArmed Services Technical Information Agency _

H

iff

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,
USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.

Reproduced by
DOCUMENT SERVICE CENTER

KNOTT BUILDING, DAYTON, 2, OHIO

IUNCLASIFl E



- 4-

~ /IC

F-..- -~ ~ esearch RepoxrtR-IO-5kPB-66-

',OfieOfNav al "eeih
-Cntrct ~)WO .292 (0b).. -0.N.7$ 5

- Jult,28, 1953

Nl

-F LYlE., li.lN T U .. " -',' O L ,

*O~fOAR~~tk.N TUTU



Microwave Research Institute Report R-33-53,PIB-266
Polytechnic Institute of Brooklyn Project Design NR-07-2J3
55 Johnson Street

Brooklyn 1 New York

THE SPUIT-FEEDBACK

PJSH-PULL

MAGNETIC AMPLIFIE

by

Isaac M. 1browitz

Title Page
Acknowledgement
Abstract
Table of Contents
Lisat of Symbols
35 Pages of Text Contract Nr-292(00)
Appendix (3 Pages)
Bibliograpbyl
25 Pages of Figures

Brooklyn 1 Now Yoric
ay Av , 1953



R-330-53, PIB266

The study of, Magnetic Amplifiers is being undertaken at the
Microwave Research Institute of the Polytechnic Institute of Brooklyn
under the sponsorship of the Office of Naval Research Contract
IDnr-292(00).

The author gratefully acknowledges the generous advice, help
and counsel of Doctor E.J. Smith and the encouragement and stimulation
of Professor M.M. Liwschitz-Garik in his weekly conferences with the
Magnetic Amplifier Group.

II



R-330-53, PIB-266

ABSTRACT

This report is devoted to the description and theoretical and
experimental analysis of a new A Phase-Sensitive (Push-Pull) Magnetic
Amplifier, invented by the author, called the Split-Feedback Push-Pull
Magnetic Amplifier.

In this new circuit, the feedback windings are split and arranged
in such a manner that the amplificatia is high when load current flows
and is very low when there is no load current (and circulating current
flows).

This amplifier is compared in detail with the Voltage Doubler
Pushi-Pull Magnetic Amplifier. Its principal advantage over the latter
is its low circulating currents, which have a maximum rectified average
value of one-half, the maximum load current. -The gain capabilities of the
new amplifier are theoretically as great, and in practice, greater than
those of the Doubler. In addition it has significant advantages over the
Doubler with respect to 'sensitivity to variations in Bias or Line voltages9
ease of Bias adjustment, and behavior in the saturated range. The price
paid is a slight increase in complexity and the possiblity that a larger
number of rectifier discs may be needed.

SIt is suggested that the reader who is interested in conclusions, ii

rather than details, read Sections I and VII and note Figures MRI-13397,
MRI-13398, MRI-13400a thru 134b0Oc, NRI-13412a, MRI-13412b, MI-13413a, and
MU-?.3b.

1
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SYMBDLS

As each symbol is introduceed it is defined in the report or in
the figures and thereafter used with no farther comment. In addition,
a key 0to the symbols is herewith presented.

iV' '1'. i23 1 2,. - mesh r e t

i. I; - load currents

1. 12 Im et,'. - rectified average values of currents

r 'r etc. - true average values of crrents

- ma>dmum rectified average load current (2/t)( VRt)
V

Ii - maximum rectified average cniculating current 2 m
iIM F

b3 1 b ici Ic; - bias and, control currents respectivelybs~~ ~~ 'b*'-9:

I x  - a circuit parameter = 2 (Nb/N) Tb

N9 Nb, N; - control, bias and. load core' tz~irnp,

Rt - total mesh resistance

R - -that, po.?E- ion of the me.sh resistanoe whinh is common
t,' bw+,h me-he-' ie. the load resistance.

r - that portion of the mesh resistance which is not
common to both meshe . R. - R + Zo

Vm  - peak value of applied voltage per mesh

V - peak value of man.imu AC voltage which saturates a
V6Mc of N tu:Mx,

- magne ic; fwxx in webers = N

- magnefti,- fl2ux in weber .. o o V/WN

d = b - a r'irc.uit parameter., whose value = 1 + R/RN
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I. Push-Pull Magnetic Amplifier Types and the Problem of Excess Currents

This report is concerned with magnetic amplifiers whose output
is an AC signal., (at excitation frequency), phase-sensitive to the polar-
ity of the input DC (or low frequency) signal, usually referred to as the
AC Push-Pull Magnetic Amplifier.

A. Classification on the Basis of Load

Such amplifiers may be divided into two classes based on
'whether the load is or is not split and electrically isolated into a
pair of 2-terminal loads. When such a split load is available, the Push-
Pull circuit consists of two meshes (with half the load in each mesh),
which are electrically isolated from each other (Fig. MR-13389a); and
so there are two simple circuits unaffected by the manner in which they
are being used. No farther comment need be made on this class.

The second class of Push-Pull Amplifiers consists of those
where there is some coupling between the two meshes. This class includes
two-terinal loads 4s such, (Fig. MRI-13389b), split loads with coupling
between the two parts, as well as 2-terminal loads with mixing resistors
(Fig* MRI-13389c).

B. The Problem of Excess Currents

The nature of the unconstrained magnetic amplifier is such that
current flows in any mesh during a portion of the cycle only. It is con-
venient to divide the half cycle of excitation frequency into the regions
(Fig. MRI-13390),

(1) from 0 to A, when neither mesh conducts, i I - i 2 - 0.

_(2) from Al to A2 when only one mesh conducts, i I - v/Rtsi 2  0
with Rt as the total mesh resistance.

(3) from A2 to n when both meshes conduct, iI - v/r - i 2 , where r
is the winding and rectifier forward resistance.,

Load current, i. (- i I - i 2 ) flows only from A to A2 , while from
A2 to U, very large currents, depending on the ratio of it to r. flow around
the outside loop. Now the magnetic amplifier must be designed on the
basis of the maximum dissipation in its windings (to a greater or lesser
extent$ depending on the duty cycle). We may define Relative Excess Current
as the difference between the maximum current in the amplifier and the
maximum ourrent in the load# divided by the mimum load current. By currents
here we mean rectified average currents.
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C. Classification into Current and Voltage Type Amplifiera.

For the purpose of discussing excess currentss it is appropriate
to distinguish between two amplifier categoriesj, which categories, of course
have nothing to do with the previous classification. One of these may be
called the "Current Amplifier" because the output current is (over the
amplifying range) some constant times the input current, independent of the
load or the excitation voltage. There is no emcess current problem here.
The mesh currents are held within bounds and although the circulating
currents may be instantaneously large, their duration must be correspond-
ingl4 =all. The disadvantage of this type is its relatively low ampere-
turns gain.

The second category of amplifier may be called the "Voltage Type
Amplifier" becauses over t he amplifying range, it is the portion of-the
voltage cycle across the load, which is varied - from 0 to 100%. The out-
put is voltage rather than current so that the latter is definitely a
ftiption of the applied voltage and resistance. There are no other bounds,
as there are in the current amplifier, within which the rectified average
mesh currents mast stay. Excess currents, therefore, are a serious
problem with this high-gain amplifier. When the high gain capabilities
of the core are exploited, this is the type that results.

D. The Split-Feedback Circuit as a Solution to the Problem

The question is whether we can find a circuit that is a combina-
tion of the better parts of the voltage and current amplifier, so that we
may have high gain with a check on the circulating currents. Such a cir-
cuit is described and analyzed in detail in this thesis. It is called the
"Split-Feedback Push Pull Amplifier" (Fig. MRI-13397). Feedback windings
are split and arranged in such a manner that when the two mesh currents
are equal (i.e., when the circulating currents flow) there is no net feed-
back effect. Hwevers when only one mesh current flows (load current),
then there is a feedback effect.

As regards circulating currents it will be seen that at zero
control current (i. = O), I I - 12 - (Nb/N)Ib - 'i, capitalized means
rectified average currents. Thereafter when control current flows, the,
circulating current decreases, as can quickly be seen as follows: The
half-cycle may be divided into 3 regions - Region 1, when all cores
are unsaturated and all currents are zero; Region 2, the load current
region, where il (say) 0 and 12 - 0 while Region 3 is the circulating
current region where ii i2.

'IIInegio2 .... i1 N(l- b) -. iN 0  and i0 2 N mk-

4
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In Region 3 ....- io2N - i2N and -i 2 ; i2 - ic2

Averaging the above results in:

Ic - (NNc) (1 - b)Il oad + (NId) circatng

Ic2 ' b(N/N0) 1load + (N/Nc) Icirculating

Subtracting, there results

I - (NIN) (1cl 12) - (Nc/N)
lo ad (1 - 2b) (l-2b)

while addings we have

Il + I 2 1 b (N/c) joad +  2(NIN)I
ci e2 cc circulating

Therefore,-as I L increases, I must decrease since the left-hand sideof the equktion is a constantcW when 21 - (N/N0 )IT (maximum output foroptimm biasing)# I is zero. Thus, n the useful range the circulat-
ing current is alw;M-unded while the gain is that of a circuit with
100% feedback if b - (Nfl) - 12. The maim rectified average value
of the circulating current is (Nb/N) Ib which is exactly half the maxinmm
(optimn biasing) output current.

A detailed mathematical analysis is presented in Section 3 but
since this circuit poss6sses many of the properties of t he push-pull .7current amplifier, the latter will first be analyzed. While it may be,
of itself, only of moderate interest, its modes of operation are very
similar to those of the more complicated split-feedback circuit and so,'s,
provides a good introduction to it*

II. The AC Push-Pull Current Amplifier

A. Analysis

The circuit is presented in Fig. MRI-13391a. Bias and control
currents are taken as flowing in the same winding for convenience in
analysis. Ideal B - H relationship is assumed (Fig. MRIM-13391b).
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4r includes coil resistance, and any other mesh resistance not common
(as is R) to both meshesb

For R. - Rb - 0 we have# in the usual mannerl:

,,a+ ib - constant. - %+% )
) (1)

0 + 2 constant# - t + §
Z'a + 2b a o

We also have the mesh equations:

v -Rtil - 'R2 +N(la
4 1b) m Rtii - R2 + 24)

* ) (2)
Y-i* i i2 2N 2 , here Rt - R + r )

The mmf equations for the cores are:

' al .- , hl cl~c + ilN Hlbl " - "~ i~lc - iN)
) (3)

h2 a " icec + ie hb M ic2N - iN)

We may assume any mode of operation to begin with and find what
it leads too At random, then4 all cores are unsaturated. Using (3), all
currents are zero since all h's are zero. Using (2),

"la " 4lb'2a "&2b '
since the inductance is infinite. A

At some time# say at wt - AI, a core will saturate and with no
loss in generality take it to be in mesh I either la or i*o We may also
assume operation until now in the positive half cycle with ka positives

(i) Core 1a saturates (ii) Core 1b satruates

a = " I , ol , %

b w o 12 M ic2 " 0 ha " o 2 1 -c2 ' 0

i i " Y- I1"IN -CNc i oN - -2N"- I.1 "IN ±cNc

4a I -42 (/2NRd)(l.R/Rt)dv/2NRtam
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This will continue until e;ither one of Noe 2 cores saturates
or until the saturated core of Mesh I unsaturates. The latter case
will be recognized as the limit case of the former. Following up with
the two alternatives of core 2a or core 2b saturating at wt - A2# less
than n:

(iii) Core 2a satu ates (iv) Core 2 b saturates

" 2 a I h 2 b -O i ic-O t2b -%I h2 a7 01 i-icmO

2 - v/rl c2,c - i'-1i 2 IN 11 - i 2 - v/r; ic2N--?i -I21N

This will go on until one or more cores unsaturates which they
will ill do simultaneously at wt - n since here all currents are zero.

In the negative half cycle we begin with all cores unsaturated
until wt - A1 + ns when one of No. 1 cores saturates first. This follows
from our asumuption that No. 1 fired first in the positive half cycle,
since 10+T d - 0, so that there must be symmetrical operation.

(i) Core lb saturates (ii) Core 1a saturates

"'lb - s h1a7 1 2hic2 -o ",a = .4 s 0ib 0 2 c

l v/"t - 'I h2a7' 2b(h)-dv/2t Sam

ic-Nc- . - , - IN -0N0  i cNm - I lNl - i N0

-.The above continues until wt - A2 + up when:

(ili) Core 2 b saturates (iv) Core 2, saturates

ic2Nc " 2N - 1 2 INI i - ic - 0 ic2c Y -1i2 IN; i" -cUl

B, Modes of Operati6n

For a complete cycle we have the possible combinations:
(1) - i and 1i (2) - i and iv (3) - ii and 1ii (4) - ii and iv.
Combinations 3 and 4 require that Ic2 be positive and Icj negatives so
that for t he polarities of Eb and Zc as in Fig. MRI-13391as, only the first
tio are possible. The corresponding wavOforms are drawn in Figures MRI.
13392 a And MI-13392b. For Combination 2# it should be noted that K2 - 02
+ fI'o - 4 + %I2o
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To find over what ranges Combinations 1 and 2 are valid, con-
sider the situation when I - 0, and rcl - I2- Ibs which is a particular
case of No. 1. As I increases, we have No 1 with the relations:

IclNc - 11N; I c N" 1 2N; IcNc (Ioj- I0 2)N0 - IN.
12 I (2t1) (1.2 d0 - I(IY2) (1 + cos A2) where Im -(2/n) VmrD

so that

o 2 No)/I m  where b 1/2 (c1 + Ic2.

Thus as I c increases# cos A2 becomes more negative, i.e. s A2 shifts to the
right towards . Simltafteoushly A3. shifts to the left in order that I
remain equal to (NJN) - (NJN) (Ib + 10/2).

(1) Case Ix less than I m  (1x - 2(N ) I b which here - 2(NM)lb.)

The limit of the above mode is reached either when Al - 0 or
A2 - no whichever occurm first. At A2 - n, 12 - 12 - 0 so that lb =IJ2 |
and I - (Nc/N)Ic M 2(No/N)Ib - x(Fig. MRI-13393a * Obviously, in order
for t his to happen it is necessary that Im I,a where Im (2/)V/R.
If Ix> Im Al - 0 must occur first. For the condition Ira> I3 when I
is Increased beyond the point where 1.2 - 0 1 goes negative and com-
bination 2 applies. But now AIj - A12 . (N'/N&.1J2 algebrically, so
that AI - O i.e.9 the output s~turates. Tfis will continue until A1- 0.

As I c is progressively increased, the cores of mesh 1 remain
saturated throughout the entire cycle while the relation A12-AI0/2(9/N)
persists# so that A11 becomes proportional to area E in Fig. MRI-13393b
while AI becomes proportional to areas E + F. And now AI (0-to -F)
-(I.IJ) I2 - -(rI.)(NJM)A1/2. Thus I decreases linearly with I c at
arate equl to (NN)3,72 (r n) untll'A2 - O, when I - 12 -I anda
cores are saturated over the entire cycle,

(2) Case I m less than 1.
When + con i s) ree| ng IO. -- b T , 1

On the other hai~ if I < I then A - 0 occurs bef or - n.
When 02 %-312 v (I - cos 12) - (N/N) (Ib + V2 I I -)IN)(I b -* 2) 12(l + con A2)0 resulting in I,(1l- r/ -* -I...i/ ,'

atA1 - 0. This value of I. marks the limit of the main ampli range
and ihe maximm output for this range is therefore

No  N r
(N0A)10 (I I - tb 'Y~ Im (NdIN)brt)

I r/Rt
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Thereafter as I. increases the cores of mesh 1 remain saturated
while A12 - (N N)AI,/2, so that now the output increases with I. at a
rate equal to (NIN)r/2Rt until I - I m (Fig. MRI-13393C, AI - H)- After
that, as I c increases, I decreases at the same slow rate until it is
zero and I 1 2  It.

When I - Im' A1 - 0 and A2 - u simultaneouslyp achieving
maximum output wathin the amplifying range.

3.Rating of Cores

It should be noted that when A2 - n and A, - 09

2a c (d) dt/2N - (d) VIwN - d2.
0 0or

For R)->r, so that 4 m s as compared to §m4 20s for the single mesh
circuit.

C. Experimental Work

Fig. MRI-13394 compares the theoretical and experimental results
for Ix' I m while Fig. MRI-13395 does the same for Im> .][,a The minor dif-
ferences can be ascribed to finite manetizing current and to the difficulty
in estimating correctly the rectifier forward effective resistance. Fig.
MRI-13396a displays the waveforms for the case where I> I- near the point
where the limit of the aplifying range is reached. Te results should
be compared to Fig. MI-13392a containing the theoretical waveformo. To
check for icand ic 2 of Fig. MRI-13392a, note that ib + id2 - icl;
ib - ic/2 - cI2 0 

b+i/

The relatively minor difference in flux waveforms between
theoretical and experimental is of course due to the finite values of t.
R. and Rb which were taken as zero in the analysis.

Fig. MaR-13396b displays waveforms in the amplifying range.
Again the minor deviations from theory in the flux waveforms are due to
the finite values of control and bias circuit resistance.

Excess Currents

For practical purposes I. would be made equal to I, so that the
maximum output is obtained in t he amplifying range, together-with zero
excess currents. At zero input, the quiescent (circuliting) current is
L/2, while the maximum output current is twice this value.

In the next section we will analyze the Split-Feedback circuit
on the same basis of ideal B-H relatimship.
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in; Anal.. is of the pl2t Fbedback Push-PtxU Amplifier Based on Ideal

B-H Characteristics

A. Analysis (Fig. MRI-13397)

The ideal B-H relation has been drawn in Fig. MRI-13391b6 While
this will result in infinite gain in the amplifying range, the analysis is
nevertheless very useful in deducing the various modes of operation. In
Section V an analysis will be carried out based on a more correct B-H
relationship.

We proceed now in a manner very similar to Section II, with
identical notation. As before, for

R b-0 1J 2a $ 2b (:4)

v ti - - 2Xj - + 12 " 2N4
2 .(Fig. -Im13397)

(5) & (6)

Hlt~ m - ham .N- jIN+ 1321Nf - iZN (7)

hnb -tjN + 1:11Nf- lip Nf + ilNc (8)

h2 ~ .d 2 N + IijjNr li2INf ip NC (9)

hZb' -12 N - IiJlNf+ Ii2lN~t+ %~2N0 (

-We shall now ?rove the following to be trues

(a) When il 0 and io 0, h 0la< , l§ - " h ILb I0laI(b) <. .p h <o 0$ I 4s l
(c) i1 < 0"" >00 " P0 , Palb "  s' "

(d) ,, f , < Op 2 a> 0 la , hI, - o
(e) " 0 and ic2' 0  h2 a<O, 02a '? a 2 b 0
(f) " .' and i024(, 1%m(O, €2b L1-d, *hpa 0
(g) " i2 < 0 and ,2O 2bO, 2b = 4S, h2 a ' 0

(h) 0 12 < 0 andi1 2 <O, h2aIO , @2b

(1)- :Ii01 1' 2 INf - land hl, h bui0
)INCO%, and h2 . -2b 0

(a) i2 -0 -, jN,2 . 2a
(k) ' - -2 i aJ l O, Uh'c2b
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The above is true providing the parameters of the circuit are
such that both cores of any mesh cannot saturate simultaneously* (i)
is proven by adding (7) and, (8) giving hia +- hb - 0 and then sub-
tracting (7) from (8), giving hib - hla 21cN c - 21i2INf. Since
either h1b or h a must be zero both must be zero in tis case and
therefore i Nc - 11. N "(j" is similarly proven from (9) and (I0),
while (k) fiolows from (i) and (J).

Statement (b) is proven as follows.

(7) + (8) Yield hl + E b - - 2 1N

(7) - (8) yieldi - h.b -"21ilINf + 21± 2 1Nf + 21iciNc

Nod, if' hib ' 0, then

h - _2ikN - 21IijNf + 21i2INf' + 21i 1 N

and

- j + li1INf - i.21-:f + !1 .,IN

The left side is negative because ii" 0 and N 'N which coesn't agree
with the fact that the right side is positive. Therefore hlb 0. If
hla =O then -iN(l + b) -i2 INf =+-ficiINc where b - NfI, and there
is no such contrWicti66n Since hla + hlh is negative, from M + (8),
one of them must be negative, and the other zero, and the latter must be
bla•

Statements (d), (f) and (h) are provm in the same manner.

-The pro6f of statementx (a) ;cvns as folows:

1116 + 'Lb = "1

therefore one must be negative, the other zero.

bib " 2, k lI.:. ,. + Ij2Nf)

which is positive if

jIJ.INf + i.,1 N e 7 INf.

If this is always trues then, following the reasoning in proving (b),
h. 1 < 08 hbb= 0. We must therefore prove -that kj,3.Nf + ilNe 7iIN,
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If both il and i 2 9 O, 1 12 by considering equations (5) and (6) and
noting that if il 9 0, 'a p , because of infinite inductance* If i j 0,
$2 - 0 and therefore il 0, 12 9 O, il - i 2 from (5) and (6) ara the
relation IilINf + iciN >'li 2 lNf is certainly true. If i 9 O, 12 - 0, it
is certainly true. The only alternative left is that il - 0 i2 # 0, and
it is not tenable because it contradicts the assumption' under (a), that
iI -r 0.

Statements (c), (e) and (g) are similarly proven.

We may conveniently begin at that part of the cycle (positive
half when all the cores.are 1ngsatur ted with all h's zeros so that all
i's are zero and $,a = 'kb = '2a = Kb - -V Sin wt/2N. At some times
say at wt - AI, a core will saturate and wifh no loss in generality take
it to be in mesh 1. The procedure is now the same as in the current am-
plifier.

() la saturated (bi) Ib saturated

",a '- -% I-l l-'-0lb- "s; "a7 V h'li '2- 2
ic.3 c= ij (l-b)-jijN(l-b)=jlIN(l-b) iciN c- -I .L IN(l+b) =- -ilNXl+b)

ic2Nc- IjibN; :I,- Vin wt/Rt ic2Nc= Ji1IbN; 1,7 Vmsin wt/rt

$2a- $2b - -vd/2N 12a - 12b " - vd/2N

At wt - A2 , one of mesh 2 cores will saturates 2a or 2b:

(iii) 2a saturated (iv) 2b saturated

"7 -sJ 2b" o2 1 - hb-0 s" "2a7 %2 h2a i - 0

ic21c- 1i2 1Nj il- i 2- V/Rb cN -1:i 2 1N; ii~- i2- v/Rt

Unsaturation occurs simultaneously for all cores at wt - n, since
at this i~stant.all i's are zero. From n until n + A then, all i's are
zero and ul - 1ib - 42a - 42b- -V sin w/N. At w1 n + A1 one of No.
1 cores will saturate, lb if 1 has saturated in the first half cycle andvice versat

(I) !B saturated (:Li) 1 A saturated

is % la'6%J h1 a' 2  0 "JaE 'j " %lJ hlbi 2 - 0

1:2 1 I 1INf; :I,- v/i- i am

ie,-jilI~l-b i~~c- liINI4,
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At wt - A2 + i, one of No. 2 cores will saturates

(iii) 2B saturated, (iv) 2A saturated

.0 2b % 4 2a- %21 k' '2- v/r *2a- "s; 2b- Oo2; ' Y2 Vir

h2a- 0; %2Nce' 1 2 IN - iWN0  h2 ,- 0; i 1Nc-. -I 1N ic2N0

B. Modes of Operation

As before the following cucbinations are possible

er4, as in the current amplifier, (3) and (4) may be discarded because
of the assumed polarities of Eb and Ec. Thus (3) and (4) tresult in the
waveforms of icl and i c as in Fig. MEI-13399a and NRI-13399b with Ici
(true mean), negative, contrary to the polarities of Eb and Ec . For
combination (1), the waveforms are drawn in Fig. MRI-13399c, wiqle the
relations between the various currents may now be worked out:

A2r. N 2N00
Yct" (2/T) A /d( icldt) - (2/T) (l-mb)2/vI) dtN iv/rdt(JA/mcld Uc Al/ (a c A2/0 "

!c2 -(2/) [(N) 2 /R dt + (N/ dtj

Therefore
A2,co

0- r - t2 - (2/T) (L..b) (N/N) " (v/Rt)dt - (1-2b) I(N/Nc)

so that
Gain - (I/1a) - (l/-2b)(N/N)

For 100% feedback, b - Nf/N - /2 with theoretically infinite gain.

We also have Ici c2 = constant - (2T)(N/Nc) ;

Therefore 2 -(NA c + (vI(2-d))(1 + cos A2 )]

or l )

2Ib(N" ) - I x "I + (I + cos A2 ) (In/2-d) (31)
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This equation is very useful. We krw that at Ic - 0,

-" (2/T)(N4c) V/r dt - 1 1 %)- t 2 (N/Ne) -
06 N I

so that with zero input, I W 12 Ib(Nc/N)M-IX/2, and coo Ao- 20

(sett I -O and A2 - Ao in Equation (1)).

Wehn I in increased, we have Mode (1) with high gain, until
some limiting point is reached. Just when this point is reached dependas
upon the relative values of Ix - 21b(Nc/N) and m - (2fzt)(Vr/Rt). This
can be seen by examining Equation (I) and the followings
I-(2 /) 1 sin Wt I (2-d) + Id -1 (12)'I -1 (2/T ,, d, so tht cos A, x m 1 32

As I increases, A2 must increase (shift to the right) in order
that the right-hand side of Equation (ii) remain constanr. Simultaneously,
A1 must decrease (shift to the left) from Equation (12). The interval,
A2 - Al, in which the useful load current flows, increases until either
A1 - 0 or A2 - iu If the latter occurs firsts IX - I (from Equation (1)),
so that obviap-sly Im -Ix to-make this ssible. If A1 - 0 occurs first
then I - (1/2) (coi A, - coo A2) - (I:2)(l - coo A2 ) while Equation (Ill
-becomes (IX/Im) - (L/i(2-d)) (hmd+d cos A2 ). Now d 1 + R/R so that 3- d4 2.
It can be seen that fbr Ids in this ranges (II)i so that when this is
true A - 0 occurs first. For this case the value of I at this point is
obtained by setting A - 0 in out equations, resulting in

21~ -
I a [ [I [ [ t)

2 (r/ t)

If Ix W Imp l - O, and A2 - simultaneously, and Mode (1) is
over at I - Im& This ist he best practical conditions for the maximum
output is gotten in the amplfjng range. c

if TH>) Ix0 Mode (I) is over when I - I, A2 - n, A1 j 0. IfvMode-) ii over when A'- 0, I - (2/d)Im(2md/d)ke

Another way of seeing this is to examine the flux waveforms ofI
Fig. MRI-13399c. At the intervals AI, increases (A1 shifting to the
left and A2 to the right) there is less t3me for La and 4lb to depart
from saturations i.e.* -o, increases until at AI - 0, the cores of No. 1
mesh remain saturated througheut the intire cycle (ig. MRI-13402c). At
the sms time there is zore time for 02, and 02b to change, until at A2 - x
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or sooner (depending upon the relative values of 4. and P), these cores
remain unsaturated throughout the entidre cycle. I k istoo large, com-
plete unsaturation will never occur. As to whether the No. 1 cores &WW
saturated before or after the No. 2 cores beca completely unsaturat ed,
this depends entirely on the ratio of 1, to Ina

Qaantitively, by integrating < from 0 to A3,
(1i -S Co A,) (. and integrating from A, to A20

-01 o 02 (i/) %d: and since 21/1.c- cox A, - cos A2,
we have

we Tae (2-d) + Id
-to4, (, 2 2

I (2-d) - Id
02 -t,3 (%.2) (2. -"- --- )

As I increases, @02 decreases while o6 increases.

(I). Cases Ixv Im

What happens when IC is increases beyond the limit point of Mode
(1)? If Ix Imp, the cores of No* 1 remain saturated at all times and
from zero to A2, ij i -~ v/R and $2& - 2b - (-vd/2N). Since h2a, - h2b -0#

lec- jil jb, and i., - constanb - 1,1. From A2 to ns 'i - 12 - V/r,
h2b -O so that i2N - icA. ThereforeA "=

(T/2)12 - ro 2V/Rb dt + N /N f /r d.
A2/

102 -b(N/N 0 ) (1J/2) (1 - cosA2) + (NA 0,) (IT,,2) (I + cosA2 ).

Rearringing8
110 102 R

2 Ir -r " b -

zp,.

(Rtr_ N(, 102

NI -=) and Al (r/Rt) (NIN) AI(/20 ie., low gain.

Rt
-b
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With increase of Ic, 1c2 decreases# so that A2 increases, shift-
ing to the right and I increases until at A2 n, I - Im. The value of 12
at A2 n , is Ic2 (Im)/Nc Ib - Tc/2. If I c is increases beyond thisvalues A2 decreases, shifting back to the left b-t now from zero to A2...

i:. i - v/2b I 12 - $b - 12N h h 0;

ic 2Nc - jiljNI, all as before. However, from A2 to n, l2a= 0 (and not
h2b as before)', i.e., Core 2B saturates where 2A had previously saturated,
so that from Equation (9), ic2Nc = - li 2,N. This can be understood by
considering that at A2 - n, the net nmf of No. 2 cores is zero, i.e.o, due
to control-bias ampere turns we have N01. 2 - bNrm while due to NI2 there
is zero (at A2 - n, 12 is zero); and due to Iwe have -bNIm(at A - n,
II = Im)* That is why the cores remain unsaturated if md* 2 's* When
I. is increased, the net mmf changes sign and the two cores shift accord-
ingly in the operation cycle. Integrating, we get.

Ic2 - (N/2Nc) {(b - r-cos A2 (b + Rt/r)], so that ... o

cOB A2 - Rt/r -2NCI0/(N1t)j/(b + Rt,/r).

From this expression for cos A, it is seen A2 shifts to the
left with increasing I c (decrease of 1023 . AJ-o "

I- (TJ/2)(1 - cos A2) - I (Rt/r + NcIc2/Nl)/(b + Rt/r)

and AI A - rNcAI /(Rt.N2 ). The limit (I = 0 A.2  0 ) is reached when
(Rtdr) -NcIc2/NIm ; by setting cos A2  1 in the above expression.

(2). Case: I VIm X

On the other hand, when Irm> ZX, It I is increased beyond the
saturation point (which we have found to be at I - Ix)p then combination
(2) applied. The waveforms applicable are presented in Fig. MEI-13399d.

The relations between the various currents for this mode ares

(T/2) ; ,, (1 - b) N/N, Y d'lN.,ft + NiN IV"' :t..,dt.I
A1/00 1 "'

60

(T/2) Ic2 b NN, '/.'1. d

I
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Adding: (T/2)(Icl + Ic2) (N/Nc) J/12/ dt - T/2(NI$/Ne

so that, I - (NIN) (-'d + Ic2) - 2NJ01 - Ix.

Therefore I remains constant throughout this mode4 Also:
- I " (2/T) [N(1 b)/N/A2/ ildt+2N/N" d/ ic'

cr/; A2/'

iTej,. I¢ W Input causing saturation +[ImN/(2-d)N l+con A2) - Is+ the balance.

This equaion determines A2. Since

I 1 11 - 12,0 AI 'Al A122

and in this range AI - O, therefore Ai1  A12 # Also

I 1  I + (2T)//" 0 sin wt dt - I + 12.

&1, -(I1;/2)(1 + cos Ad), resulting in (Ic - Is )/2 - A10/2 -(NlA(Il.

It seem therefore that in this range both meshes behave as current
amplifiers with unity ampere-turns gain with respect to changes in control
current*

The above will continue until Al 0. At this point%

I " I x a (IJ2)(1 - con A2); I c  I s + IMIN/Nc(l+ cos A2 )',

therefore

Ic - is - 2(/c)(Rt/r)(Im - I).

Henceforth* A1 remains at zero, while A2 decreases (shifts to the
left) and the operation is similar as fr the,,oase Ix> Im.

When separate windings are used for contril and bias currents,
then following the procedure in the cur-rent amplifier analysis,

b s

and for N I and N I,C cl ccW

theft should be substituted, respectively,

NbIb + NCI12 sa NbdIb NCI2.
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3- S§m for Cases (1) and (2)

(i) Im 'x
(1) 0 Ic Is,

(where I.l = 0 +) Amplifying range. Limit of range is
reached when I - I x = 21bN/, at which point 'I - Ix, 12 O . At I c - 0-,
Ik - 12 - IJ2, which is the maximun circulatipg current.

(2) 1 CI0 I5

(where 1.2 - + 2(R'r)(Nc)(Im-ix). I - Ix; I I  x
(I/2)(Nc/N)(I c - Is); 12 A (Nc/N) (Ic-ol).

(3) Is24, Icll!s3

(where I N)im + NbIb);

I + Nb~ Njic , thN I~I = b-T +so that AV=. c ,

r

(4) Ic 2* ; 1I Oj I l  + 12 lm'

(II) Ix

(Is). analagous to I&1). Amplifing range. Limit of range is
reached when - (21. - Ix r/R)/(2-r/l) and 12 I!(-1)+ Nbb/N Tn)

(2) Is lc<Is 8

(where I1 - BI + (NIN) (Ix - 2bI 2
N

N I -t N- I
I m ." CcrN AC I m a a

r'2 - ,NAAN
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Limit is reached when I -I m

; (3) Is l c  s6

(where Is6 - 'S4 + (2Afc) (Nblb + NILm)

-No A I c  RnIN AIINcAII2 No A aN - / b  r  )  'rtc l N A2"b~ / -

(4) Ic PIs6 1 0- o -"I2 " 11.

0. Experimental Work

Fig. MRI-13400a, MIM-13400b and MPR-I3400c compare theoretical
and experimental curves for I47 I x gid IE$ . As expected, there is
disagreement over the amplifying range, but The agreement is good every-
where elJe, where the theory does clain accuracy. Fig, MRI-l34Ola pre-
sents the current waveforms of the circuit in its amplifying range. These
compare very well with the predicted waveforms of Fig. MI-1339c.

Fig. MRI-13401b waveforms are for the case Im? I , in the saturated
range. These should be compared with the theoretical waveforms of Fig. M--!&
13399d. A departure from theory is the fact that from A to its i1>'12, so
that i j 0 iit his region. This difference is probably gue to the effect
of finite impedances in the control and bias circuits. If one does take
these into account, the algebra becomes quite complicated, but one finally
emerges with the following (in the saturated region): i - 12 - G4bN2v + HO
where G and H are constants gotten from solving the folicuwng pair of
simultaneous equations:

('- '2) (Rt + R +(N2 /NYRb) + 2bNr(i 1 + 12) - 2EbN/c + 4bNv

- 2)2bN - ( 11 + 2 (N+ W.r .2v~ec- 2Nj,,

Thus (11 - 12) is a function of 1vt inthis range which is in accordance
with the waveform observed (Fig. MRI-13401b.

Fig, MH-13401c presents waveforms of. the output current fit as
it changes from the positive saturation region (3) (Im7 1,)!, to the. exct.
point of saturation (2) and in the amplification range (37s to correspond-
ing negative values.
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The waveforms of Fig. MRE-13402a are for the caseIIm< I at the
point where the arplification range is ending, i.e.9 A - 0. Figo MRI-
134Olo(2) may be contrasted tb ig. MRI-13402a Ci). ag. M1r-13402b
continues with the circait of fMg. MRI-13402a with input increased past
the point where A2 = U, i.e., A2 is now decreasing. The effect of finit
resistance in the control and bias windings is again noted.

Fig. MRI-13402c(l) exhibits the B-H loop at zero output (similar
for all the cores)s while t31 and 131 are the loops of Cores I and 2 (one
from each mesh) when I is large, almost at its maximum vlaue (1-x ' I ).
It is seen that Core 2 saturates over a very small portion of the cyc&ep
as A2 "- i while Core 1 is saturated almost over the entire cycles as
Al 1 0. Figures MRI-1302(4) and MRI-13402c(5) ar6 loops for t he same
cores9 as 16 is further increased, so that Core 2 saturates in the other
direction as predicted, while Core 1 remains saturated almost throughout
the entire cycle. In this particular case, this change in sign of satura-
tion of Core 2 occurred before A1 went to zero, because 4W@s was 465/38.0.,
so that it was impossible for Core 1 to remain unsaturated throughout the
entire cycle.

Sthis section has dealt with the modes of operation
of the SpliTe-e 5MPush-Pull Amplifier, uxhibiting clearly both
analytically aid experimentally its combination of desirable Voltage type
amplifier and Current amplifier properties.

Because of the ideal B-H characteristic assumed for analysis, it
was not possible to predict analytically and gain of the circuit in its
amplifying (or Voltage type amplifier) range. To do this we must use a
more accurate representation of the B-H relationship. We should like to
use as close an approximation to the actual loop as would still permit
relatively simple mathematics.

In the following three Sections such a representation is used
to analyze firstly the Series circuit with 100% feedback (Sectian )
secondly, the Push-Pull Split Feedback circuit with 100% feedback
(Section 5) and finally the Push-Pull Voltage Doubler circuit in Section 6.

IV. Analysis of Series Circuit With 100% Feedback on Basis of Simlified,
B-H Hyteresis oM

A. Analysis

The circuit is presented in Fig. MM-13403a* Nf- NI Rt R + r.
If Re =d 01Inf2 - a constant. Also:

h h -N(i + I I) + N0 .. h 2 - (i- IiI) Nci
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If iro, h W + Noc  and h 2 " ci (13)

If i<, = Nci c and h 2 2Ni- Ncic (14)

On the basis of an ideal B-H relation of Fig. MRI-13403b, we
have the waveforms drxwn in Fig. MI-13403c 2 . But the flux excursions
as a function of th t are as in Fig. NMI-1304a and this B-H relationship
should be used to find the actual gain.

We may begin with the positive conduction period - K in Fig. MRI-
13403c. Here 4) 1 - , = " "o. Since 03) applies, h2 - ho = -Nci c so
that igc - -/N c and i v/lt To facilitate the analysis considerab3Y#
Fig. MRI-1344a is appreximated by.Fig. MRr-134O4b. The fbllowing analysis
is therefore rest~icted to materials where such an approximatin is
justifiable.

When hl = -hzv §i begins to unsaturate and this will happen when
h + 2Ni +Ni - 2Ni - =-h4, ioe.9 (ho-hx)/m - V sin wt/Rt, which
f-r the sensitive materials considered is very nearly at wt - n.' Note
that hx, 1, etc. are all positive.

From a to n + A, both cores are unsatuiated.with and -1
travelling along paths L-M-N. In this interval, -cP = v/2N essetially
and since 1b, I P hxj, 'it is positive at the start of tfis interval.
The transitign from i I + to i I - cannot take place instantly as this
would cause 4 to become posit.ve, so t hat it must actually do so at a
finite rate i til the instantaneous voltage is sufficiently negative to
cause l to continue to be negative. Now the path L2 -M2 -N 2 for Core 2
is difficulat to determine and is a function of several variables. so
the approximation has been made that it is flat until, or beyond h2 - 1.
In such a case - -h2 almost instantly with fit changing sign, so that
condition (2) apes. Here h1 - Nci c . In this-interval

d§1- /2N / sin wt dt.
It/ n/)

4 - O -(4/2)(1 +coswt) whereOm -

h, Nco _h _ /2( + coot)
This continues until n + when 42-tos and from then ntilw

2n i VNO 02 U- md fro the -ntil
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I (2/T)Z V sin v/R dt (n/2)(I + cos A,)*
1/om

09 Os8 " 4m¢l.- co A,)/2 (IIIm) + %- )

2% n+A

t/2 NoIO - ho Idta/, + f Jhl ,4,/4"+cos wt) dtco/o.
n

No O W l/n [Iho(-A1) + Al(hx+ 1y2) - hJ2 sin A.,

Since there is actually, no abrupt break at L (Fig. MREI-13O4b)
as was assumed, it is better to find A NcIc, and

AN 1C W N ~ I/i F(x...A,)(h 0-h.)+ A 1JV2 mh/)i ~
c co - Am2sn-3

If we let k " I 4/Ah1f, then:

NI c- 1/kntn. )A1 )(Tr -) + (A1 - sin Al)jwhere A!'oand IMI

are related to each other as previously noted:

OB-40
im 2

Average Gain

When -I -I - A =O Ah - 0. Whenl -0, A, as and '
therefore ANoI c - 472ks. Thgs Average Output/Ampere-Turns Input - t

Thus to find the relationship between N&Ec and I ms assume values of T/Im,
and substitute in the expression for NoIo.

B. Experimntal Woric
To ceck on the accuracy of the above analysis, it is essential,

of course, that the correct control magnetization curve be used. This
is a study in itself and regrettably there wasn't the ime available for 4
such a study. The experimental transfer curves for the half-wave con-

strained, self-saturing circuit were used. On this basis, of course,
differences between the ana3ysis and the experimental results may be
ascribed either to the analysis or the use of an incorrect control magne-
tization curve. In short, in such a case, only very partial conclusions
may be drawn.
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For the half-wave constrained, self-saturating circuit. 3

o/4S) - I - 2 4/4-0(l - 2 I/Im). Thus I /(D may be related to I/Imp

and experimentaflly to NJ 0C. Fig. MRI-13h06 preeents curves for1,/s
as a function of 'hl for the self-saturating circuit under different
conditions .. All calculations are contained, in the Appendix. For
Curve 1. 1 cores was used wit4 2 rectifier descs (Radio Receptor DlHI),
And %/4) = 0.97. For Gurge 2, 1 cores with 4 discs and #0 1O0
whle for Cure 3, 2 cores in series were used with 4 rectifier discs
and t/fs - 1.0. Taking the average sJopes of these curves over their
amplifying range, the results re k - 0.68; 0.97 and 0,64 per Ampere-Turn.

Fig. MRI-13407 presents the experimental results obtained with

the Series 100% Feedback Amplifier. In one case one rectifier disc Was
used per bridge arm; inthe second case two were used. On the basis of our
analysis, for the three values of k, for the particular parameter values
used in the series circuit, the average slopes should be: 12, 160, 105

as compared to the experimental values of 70 to 80(depending over what
range the averaging is done).

Waveforms are presented in Fig. MRI-!3405 and should be com.
pared with Figures MRI-13403c and MRI-304c.

Discussion

The differences between theoretical and experimental results

may be ascribed to the followingt

l. The approximations made in the analysis in neglecting control

circuit resistance* This can be corrected - we can improve the analysis
by taking it into account, but the result is very involved indded. For
examplep to find the currents inthe unsaturated region, we get the follow. j
ing expression for hi:

NNC !NC+4O2)+hb 2NN C 1,

e~ t- I ~

where m d/d~O Again time did not permit this f re involved analysis. 4
It is reasonable to asume the effect of the resistance to be signiftcaxt
as it is with the 6elf-saturating airuite4.-

2. The inhemr.t appro:rmation in our assumption of the simplified
B-H curves

3. The use of the costrained half-wave self saturating circuit
to derive the control magnetization curve.

In vLerw of the above, we =3y only consider the analysis certainly

as a usefrl first approximation, and shall go ahead and use it on the
Split-Feedback and the Voltage-Doubler, push-pull circuits.
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V. Analysis of the Split-Feedback Circuit with 100% Feedback on Basi~p

of Simplified HIbteresis Loop

The analysis based on the ideal B-H relation resulted in the
waveforms of Fig. MRI-13399c. These will not change in the present
analysis, -hich will primarily provide us with the waveform of i c - icl- ic2s
which was zero in the idealized case. The actual B-H excursions are as
in Fig. MRI-13408a and approximated in ?ig. MRI-13408b.

The mmf equations are repeated here fbr convenience:

a -- il - IiIN/2 + I12 1N/2 - i1 Nc

hb -I 1  + IiIN/2 - li 2 fN/2 + icN

since Nf- N/2h a- -.i2N + 1l 11N/2 - Ii2N 1 2 - ic2 c

h2b a-i 2N - jiJN/2 + 1i2iN/2 + ic2Nc

In Region M (Fig. R-133909),

tib - 1o. and hlb -- lhol.

Also,

that t is ~ h~b< and - -2i2 N$

so that 12 is positive, as we already know, and

h2a -3Ni 2/2 + iN/2 - icc; b2bm /2 Ni2  1/2 N + ic2Nc -1h 2b- .

hb " -1/2N2 - 1/201 + ic3Nc -- h l; i c3 c2io- 11c( Jh I-!%hol). !

In Region N:

Lu~" o o *1b" o1 h2b -hIho lb o I

aid since i1 and 1.2 are both posi~tive:

"b2 -1%21" -i2N/2 - N/2 + ic2N0; - -Ih I" - 1 2 N/2 - i.N/2+i c
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Ncie " NC(i 1" % 2)" 1h21- 1h1l.

In Region O Almost instantly hl + hib, h2a+ h2b, change sign
from ixnus to plus and because h2a+ h2b -L2N ie hib- "2ilN, both
iI and 12 must be negative, and:

h1aw a7 Nc(i0 2- i~j) -0; biaS - N/2 - 1.2N/2 - ilNc; h2 a mi 1 N/2 " ie 2N0 .

in R P h + hb 0 so that i2 i negative; h+ hb o,

so that ii s negative;

h "a M Iholl " 1.1 N/2 - i2N/2 - iciN0

ha =- -i N/2 - i2N/2 -c;2N% h2 - hia7 h2 - Ihol I - (ia- i 2)N.

InRegion: h a - h 2; h la I il and i2 are negative;
h2a - Iho2 h1 " t - Nc(i0 1 " ic2)-

In Region Rt (analagous to Region 0), hla + hlb< O, so that
i I and 12 are each positive;

h - -iiN/2 - i2/2 + i 2Nc;

hlb- -.iN/2 - '2N/2 + %01%0; hlb- h2b- Nc(il- ic2
) - 0.

-Regions N -and Q end almost at wt - n and 2n respectively

To find Nl

From A, to A2 : NcIc J halj - hbiI ....... Region M.

2 dt -(d/2N)V% It sin wt dto

Therefore

2b- o1 - %d/2 (coB wt - cog A,) .wt.<. A2

JhbI - Ih j can now be gotten if the control magnetization curve is
available since io1 and A are known as function of I.
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Thus I (2-d) + Id
0 - §M - 2) r 2 - %-f- 43/.-cosA) See PP.12-13.

Letting

k - I as tI j a- beforeo,.....

Ih2bl Ihl - (3/k) " - %d (oos A1.oos wt) -N1 0 -

h
-- d (cos Ar- cps wt), where hm (

From A2 to n (Region N);

Nei " Ih02 1 - Ihol

" m ..- " 2 J.N i 1 O o 2

From A1 to 0: Nc i c -0,... Region R.

Collecting terms and rearranging Mhd averaging:

N I -/uk)[%1. % 2) (" A2) + .d "A2,4, ' c - + si A,. sinA2))] .

Since *dk.~o

2 - (V./M 2 sin wt dW.0..... 1/2 Im(o, -a.o. A),i

461 162 1/2 md(cos A1 - cos A2) MdI/'rm,

N -(#..4s) A )+1/2 A / A - cooA, + in Ai- .sin A].0c {)2 .

TUI
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To find A, and A2, the following expressions are available...(Pg. 11 Eq. Ii)

I- I + (1+ cos A2) C Im/(2-d)I

so that cosA 2  (I. _) (21 1-
m

and
cs A- 21/Im  + cos A2.

The procedure in calculating the transfer curve would be to
evaluate the circuit parameters d, ,Ms 1), Im and kb Valugs of I mould
be assumed, Al and A2 found from the aboe equations and I. obtained from
the last equation on Page 24.

At Average Gain ,.... for Ix M Im and §md - 2§8.

I - Im M I NIl =C2k~ e - IA-
16-DN Im  4wL 4Q

Average Ampere-Turn Gain -- kNNIm A h M W " L .

Bk ;M)erimental Results

Fig. MRI-Il409 contains experimental curves of I versus N I. for
various combinations of parameters. The results, using the same values
for 'k' as were used in the last chapter, ares

Ex. Eperimental Theoretical

rve I, IM* Ix  0.4 Amp-Turns 0.70, 0.50, 0.75

Curve 2, I Ix  0.6 1.6, 1.1, 1.7

cuve 3, 1  x 0.6 1.5, 1.1, 1.7

Similar comments as were made in the last section, apply here.

C. Transient Response and Figure of Merit

The't ime constant may be derived in the customary manner which,
for the simple circuits# is fairly accurate for low values of control or
bias circuit resistance.5 Referring to Fig. NI- 13397:
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*b + 0 Be R bl +Re(ie- ic2) -N($la I lb

b" - c - Rb%2 "Rc(i i" 'c2) - Nc (42a " $2b)

2% - ( + 2 )('cl-o -c . ( b +4, -

or Nc d di

-lb" % - %) c p where

If the time constant is large compared with the period of the
carrier voltagep average values may be substituted for instantaneous values,
so that

zc- Ro + 1/2 No d/I e (lb- Ila+ "2C 2b ) dlydt.

A s6mewhat similar order or approximation is involved in substituting for

1a - tib and t2a, - 2b'

the expressions

- - 1 and - %2

w1Lch are correct only for

RI 0.c

--Now
-RtI + 1/2N -co c a o c% %2 ) d ,

and defining
1/2 N0 d/d~c 010  2)

as the apparent inductance, we have:

d ()/* % m( d ) d1/d c,T1=u Constant -7'- L/R' with La =(i/h d "Id

We Will use the average value of I/I, but must note that it de-
penda on the relative values of I and In. For t he case I h Ia, repre-

asenting the best practical situaton the verage gain - 4 /dr-/Nc, so

that La - 1/2 Nc( /1m)(dNc/N)(14/d) iw /N2)L - 1, , i~e., the inductance
as seen from the control side, so that 1- - LJR', and the

Figure of Merit a Power Gain/Time Constant - /

1,67 RQ/d2R4/(where Q iWL/R)-l.6AbW(dR) - (d_../d 2) 106F2wQ, for

this case where Ix and @Od - 2,s, and where F - Form factor.
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D. Experimental Work

Fig. MRI-13411b consists of copies of transient responses
photographed with the aid of a 60-cycle integrator 6 which operates
by integrating over one cycle, indicating the result during the next
cycle, while a twin circit integrates over this latter cycle and indi-
cates its result while the other is integrating. In this way a good
approximation to the true average output current may be obtained. The
dotted lines are true experimental curves, this indicating the divergence
of the latter from true exponentials.

The theoretical and experimental time constants are herewith
listed:

Experimental Theoretical

1A Rise 0.13 seconds 0.09 seconds

l. Fall 0.15

2A Rise 0.'15 0.13

2B Fall 0.25

3A Rise 0.31 0.31

3B Fall 050

4 Rise 0.22 0. 25

5A Load consists of R + JX - 118 + J250 (air-cored) - Rise

6 Rise - Load consists of 85 + J250 ohms.

In all of. the above experimental average gain was used to
predict the time constant.

In the next section, a similar analysis is made of the Push-
Pull Voltage Doubler circuit, in order to compare it with the Split-
Feedback circuit. 0
Vi. Analysis of the Push-Pull Voltage Doubler

This analysis will be based upon the same simplified B-H hysteresis
loop that was used in the last section. The circuit diagram is drawn in
Fig. MRI-13411a. The mmf equations ares

1
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MNi - Nc ; bib - Nu b - Nci 0l

b - N12 a - %'i 0 2 ; h~b m Ni 2 b -Nli0 2;*

For Rb - R a 0, 'l, 'b - K1 - *S+ ol, where 14o11< *

4 ka + 12b - 12 §s + 'P2, where Io2- <4s , with

the customary limitations on the circuit parameters.

We may begin by assuming Core 1a is saturated and 2a is unsaturated,
this condition existing for A wt A2 .a

ha = v/Rt,

so that ilb - 0, if the rectifiers are perfect7.

2a - vd/N, with'v' positive. In Fig. MRI-134.1b, this part of t he cycle
is shown as Region M.

At wt - A2 , f2a saturates and i i2a - v/r; 2b - to2J

-lho2l -Ncic2 since i2b ' - O, while Iholal - Ncicl. This is Region N
for A2 wt e , in Fig. MR-l3411b. This ends when either

ha - Iho2 l- -Ih1 or h nv/r- 1h 2 1- -Ihxl,

which occrs very nearly at wt n I.t

For

+A,) -wt , v*~~ .N$ 2 b*

Integrating, ac

oil - - + c" ) - a Os'"

' 2b c + %2 02a 02 + M +
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Because of the nature of approximation of the B-H loop, almost
at onec h2 - I' O, so that i b - 12> 0 and 12a - O, as only one branch
can condu . Therefore h2  - -iNoic2 and similarly ila rn hla - Nci 0 1 .
The preceding constitutes Aegion 0, i.e., n + .Al*t n.

For n + A2 :wt7n + A1 , region P,

1b ' + " a - Iol - +/Rt' Ihol " Ncicj' &2a - vd/N.

Integrating....

For 2n /wt~x + A20 (Region Q):

"2b - "s - b - 2 - v/r, "1. - o1) "2a 423

h "'-lhomll- -cicjj h2  - -lho2,l - -Nic02.

Smmarizing:

into it4~ Al: 'al - ' 2 -0- '- 2 - "la -2ani7 1+~l~

h1  -N cc1 - 2a - and ,- -c2( c) [,h Ih xI+ IhiJi t coo lt)].

From U+ A to n + A2 -' v01 2  O -a %"@ d (cos wt + cos A+,o,+

" 01 h /Nc ++ "2- 1ho1l + Ifhd (cos +wt coo A,).

From nt+ A2 to 2 ns l- i2 - v/r; i'c1 - Iho11 l/N, j - Iho/2 V,

We also have the following relationst

Ih01 " Ih I + Ihml (1 - o. Ag 1 - 1 (coA A, -cog A).

I -lxl m 2 )*.
o2 o - d (co, A. cos A d o 21.

1h 62 - 01 -l 2d jh~j I/I.
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age I2  I )-/am dej(corse + cosA)d(wt) (hcui h N.)d(wt)N
nl7+Al 0 ol

Io" M'0 [(I 1I ho2- bol Jhm+ d(ain A,- " ) d cos A.(A 2.. Ai)

IC (J1/kNC7)(2 d) n A2 ) I/I(A.*Al) o '+(i A sn 12

whioh is exctZ wce the expression for the Split Feedback circuitv on
Page 24. Ifte same cores are used for the two circuito thenN d-2 f
However, for the Doubler circuit (for the case Irm. v - m' %nd(@ ; whil'e"
for the Split Feedback circuit, OW.f.( 24s/d.

Since _ =V_/wN, and @m d = Vr/2wN Vmand consequently I-

are the same fdr 't circuits. ' And as lrod - 1/2tmsp, the expressions tdr
Ic are actually the same for. both circuits.

The equations for Icl and Ic2 may also be gotten

T/2 wN eIc -i ;  h1 + h(l + cos wt) dtf+ h+f "1 dt therefore

ANI. ,- ( I h h1 I+MI) - Ih1 sin A. + 1ho 1(7 - A.), and

c2- Icl- 'Co

B. Ebcess Currents

The trenscendal equations above permit no simple solution. We
may note however that at IC=- 0,

NIci n-I0 b - A0 (lhI + lhl) -hsin Ao + Ih0 10 -h Ao);

which is exactly the expression fo; the single mesh doubler circuit, for
the same B-H assumption, Thus A - A; the conduction agle, at zero input,
is the same for the push-pull connection as it would be if the same.amount
of bias ampere-turns were applied to a, single mesh. And because the cir-
culating current is a maximum at zero control current we can now determine
the excess current - 1/2 I' (1 + cos A0) -Im . At zero control current9
with the single mesh # I - 1/2 Im(1 +cos Aofs so that excess current -
(I& Io/im) - Ia, where io is siip3 the output current in a single mesh
for that value of Control (or Bias) Ampere-turns equal to the Bias Ampere-

rams u6d' in the Push-Pall circuit.
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The average gaip of the Push-Pull circuit may be fbund by
finding I. at A1 - 0 and at A2 - n. The result is Nc - td/k§s, and
setting 0. - §o/ds the best practical value, NcIc - I/k, exactly the same
as for the Split Feed back circuit for the case Ix - Im and Smu 2V/d.

This gaih (for the Doubler circuit) is achieved only it the
expense of very large excess currents for it is found that the hias
ampere turns for this case - h + 1/2 hso which results in a conduction
ange (for a single mesh) in the neighborhood of 900& Actually, a trans-
cendental equation. must be solved for this angle, namely,

SNc c -(hX+ V2 he) -Ao(hI + 1h li/d) - 1hs1 sin Ao/d

+ r¢Ihl I hs (1 - cos Ao)] (n -Ao)Id

Ao(hx+ h/d) - hs sin Ao/d + [hx + ho (1 - cos Ao)/d j ( - Ao).

finally yielding, itd/2 - n - sin A - (n - A) cos A.

In short, on account of the excess currents involved, this value
of gain is not realizable. We will compare the relative merits of the
two push-pull circuits in more detail, in the last section. It is interest.
ing, however# to note that aside from the excess currentsj there is a re-
markable similarity between the two# which extends to the transient re-
sponse as will now be shown.

C. Transient. Response

Referring to Fig. MRI-13411as

EbD 1 c - (Rb + R) ic1 - R ci 01 2 - Nc(4 1a* + 11)
.Be .. ei R + (R ) ± 2 ".N ('2+ 12b)"

cccb 0 Rd 'c2 i 2
e- RI ic + 1/2 No d/di "2b)dc/t.

Substituting and approximating exactly as with the split-feedback circuits

Ec -R Ic + (Ncimd/Im) (dI/c) (dIc/dt)o
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We need proceed no further than to note that the parameters hare are the
same as for the other circuit. (There - l/2dNc1WJkdI/dIc# but tm there
is twice 4m here.)

Do Experiment al Work

Fig. NRI-13409 presents a curve (marked VoD.) of output current
for circuit parameters corresponding to those of the Split Feedback
circuits. It is seen that t he gain is less as expected when the bias is
not adjusted for maximm gain on account of the very large excess currents
which would then flow. Further experimental results of this nature are
posponed to the last section where they are compared with the results for
the Split-Feedback circuit.

Fig. MRI-13411b presents transient response curves of the Push-
Pull Doubler for various parameter values. The .theoretical and experiment-
al values of the time constant ares

Theoretical Experimental

Ao. 7A- Rtise 0*12 seconds 0;16 seconds

7B - Fall 0.12

8A - Rise 0.054 0.042

8B - Fall 0.033

VII. The Split-Feedback Amplifier Compared to the Voltage Doubler Amplifier

A. Design Figure of Merit

To compare the two circuitsp a Design Merit Figure may be defined
equal to the Power Gain of a circitit divided by the Copper Core losses.
For the two amplifiers, we assume identicil cores and loads in order that
this factor have meaning.

It will be necessary to decide what windings, such as the control
and bias, may be neglected in calculating #1e core copper losses. For the

.D., the bias and control windings are neglected here, while the latter
winding only is neglected for the S.F. circuit.

For the S.F. circuit it is very reasonable to assume optimum
operating conditions as they are easily achieved - that is, Ix - I
One must make some assumption as to the operating conditions of twe
V.D. circuit, since adjustment of bias for maximum gain will result
in large excess current. For this present comparison, we assume the

LV



R-330-53, PIB-266 33

bias is such that at zero control input# Icirculating =im, so that the
Power Gain is only 1/4 the maximum 1ower Gain.

We also take,'the maximum gain of the two circuits to be'eqtial
Our theoretical analysis have indicated this to be correct. Experimentally
we have found that for circuit conditions very similar, the SoF: circuit
gain is higher than the V.D. circuit gain. These results are presented
in Figures MI-13412a, MRI-13412b, MRI-13413a and MRI-13413b inclusive.
It is assumed that t he lower gain of the V.D. circuit ii due to the fact
that the bais has been adjusted to reduce the large circulating currents
and with these, - gain.

It may be showm 8 that for a constant winding area, the copper
dissipation in the core, is to a good approximation, proportional to Is N
At what point in the cycle is the dissipation, i.e., Irms, a maximum ?
For both mplifiers this occurs at t he quiescent point, wen Ic 0, when
the circulating currents haved their highest values. The flow angle is
small, the peak current large so that M value (for the same avewuge) is
higher. This is analytically convenient, anyway, for it makes out. cal-
culatios ndependent of control current inppt.

The conduction angle at zero control input is a function only
of rdt, i.e., for the SoF6 circuitt

(2/T) (Vm/r) sin wt so that cos A (r/Rt) - 1.

(2/) (V/~'V~r)i wt- 0I'm A~/ siZ A
AO

dissipa2Ti 2s2 (- A0 + 1/2 sin 2)

and the dissipation is K(N + 4N Ar s ) 5K SN since

~ Iat I 0.

For the Doubler Circuit:

2/) ~ ) inw, -t I.a# resulting in Cos At 2r/Rt - , ..

0

and
n (n -At + 1/ sin 2.),
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because the current flows in each winding for h~if a cycle only. The
dissipation - 4ln, 2 N2 . At r - R, the dissipation is almost the
same for both cir tas, while for r/Rt small (customary situation),
the ration of the dissipations

S.F. to V.D.- (1 -l- Rt) ,

(1 -r/2RtT

which for r/R. - .10, means 10% less dissipation for the S.F. amplifier.
The limit as r/f+ - 0, is approximately 12% less dissipation for the
S.F. circuit. Tterefore the Design Merit Figure of The Split Feedback
Amplifier is more than 4 times as great as that of the Voltage Doubler
Push-Pul Ampfie'.

B. Sensitivity to Bias Current Variations

The V.D. Amplifier circulating current at I c W 0, is very sensitive
to Bias current. A decrease of a in the bias current will cause an approxi-
mate increase in the circulating current of the Gain times x%. This is a
serious matter and necessitates conservative design, since for example
if the Current gain is 100, a 5% deotease in Bias results in 5 times as
much circulating current, and since the normal circulating current at this
point has a minimum value of approximately Im - the result is 5Im for a g%
change in bias current. The aplifying range: will be affected by x%.

In constrast, for the Split-Feedback circuits if the bias is
gotten from the line voltage which supplies the load circuit, then any
change in line voltage affects I x and Im to the same degree, so that
the range is unaffected while the circulatingcurrent at Ic = 0. will be
affected only to the extent of x%. Thus a 5% increase in Bias current t
will increase the Circulating current by 5% only. If the two supplies
are independent, the range is affected by 7%/Gain.

0. Ease of Bias Adjustment

It is clear that the Voltage Doubler circuit requires very 'I
careful bias current adjustment. If it is too large, while it will reduce
Icirc lating, it will result in seftous-non-lineari es in the transfer I
curve . In addition the possible line voltage variations must be consider-
ed. If the bias is too small, the circulating currents will be very large.
In considering these factors and the possible line voltage variationusthe
permissible bias range narrows down.
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On the other hand the bias adjustment for the Split Feedback cir-
cuit is simplicity itself. One can find Im very eakily and then makes
Ix  2NbIb/N - Im And if one is off somewhat# it is not a serious matter.

D. The Saturated Range

Again the Split-Feedback amplifier has superior characteristics.
One can, by slightly sacrificing output, pbtain a constant output for some
portion of the saturated range, or alternatively a slowly rising output
(at the rate of r/R) over some range, or if maximnm output is used# a
slowly decreasing output, at t he rate of r/Rt, in the saturated range.
In contrast, the Voltage Doubler output drops at t he rate of unity in the
saturated range.

B. Possible Disadvantages

One of these might be the added complexity, which however is only
superficia4. For the same total number of turns, four more leads must be
b rought out - i.e., a total of 10 leads compared to 6 for the V.D. For
experienced coil inders this is a minor matter indeed.

Another disadvantage might be the fact that a total of 8 recti-
fier units (4 per bridge) are needed as compared to 4 units for the V.D.
However# each of these units in the S.F. circuit has a very low inverse
voltage applied to it (zero for Rc or Rb - 0) and so msq consist of one
plate only. The inverse voltage for t he V.D# is easily seen to be "ir"
and the instantaneous maximum value of this depends upon 'd' since if
is greatest at zero contrl current. If 'd' is small, the r.m.s. value
of the burrent is greater, even though the peak value is smaller - so
that it is quibe likely that one plate will not suffice.

In addition, in the amplifying range, the maxmum value of the
RMS current through each rectifier is less (considerably less for r/Rt
small) for the Split-Feedback nlifier than for the Voltage Doubler.
Fot example, for R+/r - 10, Irm s  (of S.F. rectifier) - 0.35 Ir=4
(of V.D. rectifier)* Therefore as far as heating ratings are concerned,
for this value of R/r, the S.F. rectifier need have only 1/3 the ratings
of the V.D. rectifier. It is quite likely, thus, that even in this respect,
the S.F. circuit compares favorably with the Doubler circuit.
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AP DIIDIX

Data for Fig MRI-a300oa

3i - 430 m.a. I 300 Mo c N N "0oo

Rt/r - 4.6; I8 2 - le 2(N/Nc)(Rt/r)(I - i - i 2 zx .6 x 130 -I e20io.a

* Jig.MRI-13400b

Im - 250; Ix - 300 m . Rt/r - 4.31 I 107 i-a. d - 1.8

I I . 1s5 w 194 + (2/N0 ) (Nb'"b bNk) - 1s4 + 2(150 - 1/2 250).

Rate of decrease of I - (N/) x 1/(b + Rt/r) - 1/(1/2 + 4.3) - 0.2

Fig. IME1m)340c

Limit of Aplifying range at I - (2I - Ir/Rt)/(2 - r/Rt)

- 286 - 16.4/312/(2-1/3.2) - 13&n.a. - 55.2 A.T.

Increases until I - I m atI c - IS4 + (N/NC)(I xe. 21i m) - I84+ 210 m.a.

N c I/2 -o 0z 0.21 - 8*4 A.T.

Rate of decrease thereafter 3 1/(b + R.tIr) - 1/3.7 - 0.27

Fig. MR-13394

N-=N 0 a 400; Nb - 100. r - 9.0 + 2 rf, (rectifier forward roe*)

R - 0 +2f2* Ix -2z 100/400 x 83 Z 242miao

IM "At -- TT~

Limit of Axp. Ranges (70 ma.). q, (at 70 in...-) 7*4, r -24p. R m12140

Rt- 8. I -96 m.a.

IC- Nc  - 0 N- 0  ( -b5 r (er/2Re) - 82m.a.

Rate of slow increase and decr ease rf (on bast of 100 mi*. ) - 5.5 therefore
t- 114, rf on basi of , -2.%, r- 14;r/t - 010.
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Fig. MRI-13395

Im Ix, I x  2 x 100 x 153/400 -76 m.ao, which is ap. limit.

Limit of saturation and beginning of decrease of Is at:

I- NI3/N c + 2(1 - i) Rt N/I - 78 + 2 (103 - 78) 4o/14 - 571 z...

Fig. MRI-13406

%/%, as function of Ne Ic from half-wave circuit:

Rt = R + 4rf - 98 + 4rf. Im M 320 m a Vm - V " 16 volts.

rf - 5.59

is variable on account rf is a variable. The average currents are used
to find rf.

DoAB, " - 2(V,/%) (1 - 21/Im). 4,W/,, 1619

I c  NoIo I r. 2 1/I/

1 o4 59.8 120 .997 .995
2 0.8 58.3 120 .97 .95
3 1.2 57.7 120 .96 .93
4 1.6 56.o 120 .93 .88
5 2.0 49.0 6.0 118 #83 -7
6 2.4 32.0 8.0 111 .58 .29
7 2.8 1217 18.0 85 °30 -.18
7.21 2.88 7.6 28.5 57 .267 -. 23

k-A oAlh - .8o+.23 - 097

Similarly for the other two curves in this Figure.

Fig. MRI-13407

* perimental 100% series feedback run:

N-Nf 4001Nc- 100; Rt-1 6 3+7.* 2rf-. At-1 50. rf-4.

1.2 -152 m.. R -178. (D/% - 19/0 - 0.633

Avarage output/amp-turn input - .44O,,j (Im) giving theoretical values.
zMerimentaly - 100 - 3..6/(2.2 * 0.0) - 70.
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Fig-. MME-13409 Curve 1

Ix = 2(100/40) x 200 100 m.a.; - 25/19 - 1.3

R - 1O, r - 13 + 4rf 35. d -1 + 100/135 - 1.74

sin A,- 200/266 - 1 - 0.2; Njc - d&a 1/2 (n-A ) cos A,+ sin /ki4't0.4#.

Fig. MIRI-13409 Carve 2

Ix M 200. I x~i . All other parameters as for Curve 1.

cos A2 . 2(I -" Ira) (2 - d)/Imd - 1 = - 0.94

Nc eI c Mid I IM(R- A2) + 1/2 (A2 - sin A 2)/k71s 1-iAi

Imax M [2 (Ia) - Ix(2 - d)]/d - 160 m.a#

Eg. MV-13410 No. la

R 86 + 30-116; r- 13+50- 63. Reff 261 N290'7/I- 49

where R. - 261, and Rb - 9.7.

Theoretical Time Constant: L 1/2N d%/I(dI/d) -N C(R + Rt)dI

- 0.52 10 295 x 57/2 - 4.38 H. c

4 .38/49 0 0.09 seconds9 etc. :

Ii,

" !F
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